The Nevirapine (NVP)/Polycaprolactone (PCL)/Nanoparticles hybrids systems have been developed as a potential platform for drug delivery, by solvent cast, as thin films. NVP, an antiretroviral drug, was included within PCL matrix containing three types of nanoparticles: an organoclay layered silicate Viscogel S7® (3% w/w), hydrophilic silica oxide particles Aerosil® A20 (0.25% w/w) and titanium dioxide particles (0.25% w/w). These systems were characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), low-field nuclear magnetic resonance (NMR), ultraviolet-visible spectroscopy (UV), in-vitro dissolution testing and drug release mechanism kinetics. The PCL crystallization was affected by NVP incorporation, modifying its semi-crystalline structure to a less ordered structure. When nanoparticles and NVP were added, the T 1 H values increased, for PCL, PCL/S7, PCL/ SiO 2 and PCL/TiO 2 hybrids, suggesting that its addition produced a new material, with less molecular mobility, due to the new intermolecular interactions formation. It can consider a structure formation among the PCL chains, nanoparticles and NVP, with strong forces in the PCL/SiO 2 /NVP system. The amount of NVP included was around 1.5 ± 0.03 mg/cm 2 . In the in-vitro dissolution test, the PCL/SiO 2 /NVP system released the smallest amount of drug and this result could be attributed to the strong intermolecular interaction between the drug and the PCL/SiO 2 system. Higuchi's model was the mathematical model chosen to treat the release data, since this model presented the highest coefficient correlation (r) value. The drug release probably occur by diffusion through the matrix pores, thus, these materials are suitable for sustained release of NVP.
Introduction
The combination of organic and inorganic structures within a single material at nanoscopic level is one of the most effective approaches for producing new class of hybrids materials with advanced properties. A wide range of nanoparticles such as: clays, carbon nanotubes, graphites, polyhedral oligomeric silsesquioxane and metal oxides are currently available and used for prepared these systems [1] . These new compounds have been increasingly used in biomedical, pharmaceutical and cosmetics applications, presenting many advantages compared with individual polymers or other pharmaceutical excipients, such as: controlled drug release, targeted drug delivery, improved mechanical properties and stability [2] [3] . Furthermore, the effective dispersion and distribution of nanoparticles can modify the drug's release from the polymer matrix [4] [5].
In order to developed hybrids that can be used in pharmaceutical field, Polycaprolactone (PCL) was chosen, since it is a biopolymer. PCL is semicrystalline apliphatic polyester, considered as a biocompatible, and bioresorbable material with high permeability to drugs. Moreover PCL is approved by Food and Drug Administration (FDA) for biomedical applications. The PCL has a low glass-transition temperature of −60˚C, a melting point of 60˚C, and exhibits high decomposition temperature around 350˚C.
Compared to other biodegradable polyesters, the in vivo degradation of PCL is considerably long. This fact, added to its high permeability to drugs, favors its utilization in the design of long-term implant delivery devices, such as capronor® used to delivery levonorgestrel [6] [7] [8] . Other important fact is that the addition of nanofillers such as hydroxyapatite, clays, titanium oxide, graphite and silica has been reported as not affect the PCL bioactivity [9] .
The clays are the most studied inorganic nanoparticles because of their abundance, price and well-known intercalation process. Depending on the interfacial interactions and mode of dispersion of the polymer and clay layers, three distinct morphologies can be obtained: unintercalated or microcomposite, intercalated or flocculated and exfoliated or delaminated [1] . Furthermore, clays nanoparticles have been highlighted in the pharmaceutical area, since they are widely used in conventional pharmaceutical dosage forms both as excipients and active agents. As excipient the mineral clay and their modified forms, like organoclay, can be effectively used to modify drug delivery system and control their release [10] .
Titanium dioxide (TiO 2 ) nanoparticles are one of the most promising nanoparticles that are capable of being used in a wide variety of applications in medicine and life science. It is used in many products with industrial applications, such as paints, coatings, plastics, papers, inks, medicines, pharmaceuticals, food products, cosmetics, implants and toothphaste, because of their stability, low toxicity and photocatalytic properties. In the pharmaceutical field, TiO 2 nanoparticles are being used in various skin care products, like aerosols, suspensions or emulsions [11] . TiO 2 based drug delivery system can successfully improve efficiency of drug delivery by prolonging exposure time to drugs, by enhancing local concentrations of drugs and by reducing drug's toxic-ity in normal cell [12] .
Amorphous silica (SiO 2 ) nanoparticles are non-toxic and regularly used as food additives, components of vitamin supplements, dental roots and bone regenerative materials. Encapsulation in silica has also been found to prolong the shelf life of enzymes.
Bacteria and mammalian cells have been shown to retain their metabolic activities when encapsulating in porous silica, confirming the high compatibility of silica with biological system. Their intrinsic hydrophilicity and biocompatibility makes then perfect candidates for controlled drug-delivery applications [13] [14] . However, all of these intrinsic advantages, there is a relative difficulty of manipulating the silica nanoparticles.
Despite nanocomposites possess several advantages, its limitations should also be mentioned, including the difficulty of nanofillers dispersion, its sedimentation, processability and the use of organic solvent. Consequently, all these parameters can affect the drug distribution in the nanocomposite matrix, interfering with its release. Hence, further research is required for a better understanding of formulations/structure/property relationships.
Acquired immunodeficiency syndrome (AIDS) seems to be one of the most devastating epidemics with 40 million people presently infected with human immunodeficiency virus type 1 (HIV-1) globally. An effective therapy for AIDS treatment includes highly active antiretroviral therapy which involves the combination of three or four antiretroviral drugs. However, the first pass metabolism and degradation of antiretroviral drugs in the gastrointestinal tract results in poor bioavailability and patient incompliance. So, it is desirable to have a controlled or sustained release drugs delivery system that could improve patient compliance, reduce the side effects and increase the therapeutic efficacy [15] . Nevirapine (NVP) is an excellent choice for the treatment of AIDS since it is a nonnucleoside reverse transcriptase inhibitor of human immunodeficiency virus type 1 (HIV-1), blocks polymerase activity after binding directly to the HIV-1 reverse transcriptase, leading to the disruption of the enzyme's catalytic site [16] [17] . Moreover, it is the most prescribed inhibitor of HIV-1 in the world and remains the most prescribed antiretroviral in countries with limited economic resources. However, NVP use has been associated with severe side effects that include hepatotoxicity, insomnia, confusion, memory loss, depression, rashes, nausea, dizziness, toxic epidermal necrolysis and hyperlipidemia [18] . An alternative to enhance the clinical potential of NVP is the development of a drug delivery system that can assist in its sustained and target delivery [15] .
In this context, this work developed and characterized a promising pharmaceutical system which consists in a nanostructure material containing f PCL, Viscogel S7, an organo modified clay, titanium dioxide nanoparticles and silica amorphous nanoparticles, by solvent cast, in order to produce a NVP controlled drug delivery system. The systems developed were characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), low-field nuclear magnetic resonance (NMR), UV-Vis spectroscopy (UV) and the in-vitro dissolution test. An additional aim of this work was to evaluate drug release data using various kinetic models and to determine the drug release mechanism.
Materials and Methods

Materials
Polycaprolactone (PCL) pellets (Mw: 80,000 -100,000 g/mol −1 ) obtained from Sigma Aldrich, was used as the polymer matrix. The organoclay Viscogel S7, containing the dimethyl benzyl hydrogenated tallow ammonium group as a modifier, was obtained from Bentec-Laviosa Chimica Mineraria (Italy). This clay is based on mineral clay named montmorillonite, which is a sodium aluminum hydrosilicate, morphologically constituted of alumina octahedrons sandwiched between two layers of silica tetrahedrons. The layer thickness is around 1 nm and specific surface area of 800 m 2 /g. Hydrophilic silica oxide particles (SiO 2 ) were supplied by Evonik (Brazil), Aerosil® A200, with a specific surface area of 170 mg 2 /g with an average primary particle size of 12 nm.
Titanium dioxide particles (TiO 2 ) were supplied by DuPont (Brazil), having specific surface area of 50 mg 2 /g and average primary particle size of 25 nm. Nevirapine (NVP) was supplied by Oswaldo Cruz Foundation (Rio de Janeiro, Brazil). Chloroform was purchased from TediaBrazil. All materials were used without further modification.
Preparation of Hybrids
The PCL film was produced using a solvent casting technique. Briefly, the PCL granules were dissolved in chloroform at room temperature overnight with vigorous stirring to obtain a concentration of 5% w/v. The solution was poured into a glass Petri dish, which was covered and placed at room temperature for slow evaporation. The dried film was collected and vacuum dried for 48 h. Chloroform was chosen as solvent according to the PCL solubility parameter, obtained in a previous study.
The PCL/clay hybrids were also prepared through the solvent casting technique, using chloroform as the solvent. The solutions of PCL and organoclay were added in a flat-bottom insulated flask. The flasks with the isolated solutions were sealed and stirred at room temperature for 24 h. After that, the solutions were mixed and left for The NVP was added to the PCL by dissolving it in a small amount of chloroform and then stirring the solution for 30 min before pouring into a glass Petri dish. The amount of NVP in each system was 10% w/w in relation to the PCL.
In our previous study, the thermogravimetric analysis was used to determine the percentage of nanoparticles incorporated in the PCL film and the following weight fraction were found: 3.07% w/w of Viscogel S7 clay, 0.23% w/w of titanium dioxide particles and 0.29% w/w of Aerosil® A200 [19] [20].
X-Ray Diffraction
The crystalline structure of the PCL and PCL/NVP hybrids were investigated by X-ray 
where I a and I c are the integrated intensities corresponding to the crystalline and amorphous phases, respectively.
NMR Relaxation Method
Proton Spin-lattice relaxation time (T 1 H)
The proton spin-lattice relaxation time in the laboratory frame is also known as lon- ( )
Mo Mz 1 exp
where, Mo is a equilibrium value, Mz is a time period during which spin-lattice relaxation occurs causing Mz to go from value of −Mo through zero to its equilibrium value of Mo, τ is time period delay and T1 is a spin-lattice relaxation time.
FTIR Analysis
FTIR was employed to characterize the possible interaction between the drug and the hybrids in a Varian Excalibur, model 3100 FTIR spectrometer. The spectra were scanned over a frequency range of 4000 -400 cm −1 , at room temperature, using 64 scans and with resolution of 4 cm −1
. The samples were investigated by film form [24] .
Drug Content
The amount of NVP included in the hybrid systems was determined using UV-Visible spectroscopy in a Varian Cary 100 Conc spectrometer, at λ = 313 nm. The polymeric/ NVP films were divided in small pieces with 2 × 2 cm 2 , diluted in 100 mL of chloroform and analyzed by UV spectroscopy. The systems were analyzed in triplicate. Also, the hybrid systems without drug were analyzed using the same conditions, to ensure the specificity of the method [25] .
In Vitro Dissolution Studies
The drug dissolution studies were carried out using the USP I dissolution apparatus were measured comparatively to reference calibration curve for NVP at λ 313 nm, using the respective dissolution medium as a blank. The tests were performed in triplicate and the dissolution data were presented as mean ± standard deviation. The desired sink condition was maintained for the studies [26] .
The 0.1 N HCl solution was chosen as the media for NVP dissolution studies once the maximum dissolution, i.e. more than 80% release, was found in this media. The drug is weakly basic and exhibits pH dependent solubility [27] . Furthermore, 0.1 N HCL media resembles a gastric environment.
Data Analysis
To analyze the in vitro release data, various models were used to describe the release kinetics. The zero-order rate of Equation (1) describes those systems where the drug release rate is independent of its concentration. The first-order rate of Equation (2) describes the release from a system where the release rate is concentration dependent.
Higuchi (1963) described the release of drugs from insoluble matrixes as a square root of a time-dependent process based on Fickian diffusion, as per Equation (3). The Hixson-Crowell cube root law, according to Equation (4), describes the release from a system where there is a change in surface area and diameter of particles or tablets [28] [29].
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where, C is the amount of drug released or dissolved, C 0 is the initial amount of drug in solution, k 0 is the zero-order rate constant, expressed in units of concentration/time, and t is the time. For the study of release kinetics, the graph is plotted between cumulative amount of drug released verses time.
where, C 0 is the initial concentration of drug, k is the first-order constant and t is the time. The data obtained are plotted as log cumulative percentage drug remaining verses time, which yield a straight line with slop = k/2.303
where, C is the total amount of drug release per unit area of the matrix (mg/cm 
where, Ct is the amount of drug released in time t, C 0 is the initial amount of the drug in tablet, K HC is the rate constant for Hixson-Crowell equation and t is the time. Plot made in between cube root of drug percentage remaining in matrix verses time.
Statistics
Experimental data are presented as mean ± standard deviation. Statistical analysis was performed using the one-way analysis of variance test (Tukey's multiple comparisons)
with Origin® Pro 8 software. P ˃ 0.05 was considered statistically significant.
Results and Discussion
XRD Measurements
The XRD technique was used to identify, characterize and calculate the crystallinity in- According the Figure 1 , the XRD pattern for the Viscogel S7 organoclay presents a reflection at about 2θ = 5.14˚, corresponding to a basal spacing of 17.19 Å, and an almost imperceptible reflection for the PCL/Viscogel S7 hybrids, demonstrating disordering in this clay's layers. Additionally, in our previous work it was confirmed that an intercalated nanocomposite was achieved [19] . The addition of NVP caused a major decrease in PCL crystalline peaks, suggesting that PCL crystallization was affected by the NVP inclusion, when clay nanoparticles were also present in the system. The disappearance of all NVP crystal peaks indicates the NVP crystallinity was reduced, when the drug is embedded inside the hybrid matrix and indicating an amorphous dispersion of NVP [21] [32]. . Figure 1 also presents the XRD curves of the PCL/TiO 2 hybrid materials. The introduction of a small amount of TiO 2 modified the PCL crystalline structure, as can be seen through the decrease of PCL crystalline peaks [35] . Therefore, the addition of NVP 10% w/w caused some modifications in the crystalline structure, offsetting the TiO 2 introduction. That result can be confirmed by the increase of the PCL crystalline peaks in the PCL/TiO 2 /NVP hybrids. Also the disappearance of all NVP crystal peaks indicates the NVP crystallinity was reduced, when the drug is embedded inside the hybrid matrix, indicating an amorphous dispersion of NVP [21] [32].
The crystallinity of all hybrids developed was obtained by curve fitting to calculate the area of each peak. Linear background correction was applied separately to the observed peaks before obtain the area under each peak, for which it was assumed a Gaussian profile. The PCL crystallinity values are shown in Table 1 . Table 1 shows that the incorporation of nanoparticles and NVP decreased the PCL crystallinity in all hybrid systems, compared to pure PCL. The nanoparticles introduction decreased the PCL crystallinity in all hybrids systems, the PCL/S7, PCL/SiO 2 and PCL/TiO 2 showed a crystalline value of 39%, 44% and 42%, respectively (Table 1 ). In our previous study, the hybrids crystallinity was evaluated by differential scanning calorimetry analysis, and the hybrids PCL/S7, PCL/SiO 2 and PCL/TiO 2 presented the following crystallinity values 39.4%, 42.86% and 41.72% [19] [20] [21] . Thus, the results are very similar, indicating that both methods can be used to calculate the crystallinity of hybrids systems. Probably, the nanoparticles hindered the PCL crystallization, leading to some changes in the semi-crystalline PCL structure, resulting to a less ordered compound. 
NMR Relaxation Analysis
The solid state NMR was used to evaluate the median behavior of the samples, because the time scale of the measurements is at the molecular level and the domains detected have sizes, which vary from 25 to 50 nm. According to the main purpose of this work, hydrogen spin-lattice relaxation time measurements were recorded to get more information on the samples homogeneity, nanoparticles dispersion, drug dispersion and the interaction process in the hybrids [19] [20] . Table 2 shows the T 1 H values and Figure 2 shows the T 1 H curves for the PCL chain, PCL/hybrids and PCL/NVP/hybrids developed, determined by low-field NMR. Thus, the NVP molecules can modify the polymer arrangement around the S7 clay. In the PCL/SiO 2 hybrid, the NVP introduction did not change the bimodal effect in the domain curve, indicating that the drug had less influence on the hybrid dynamics. The PCL/TiO 2 /NVP hybrid also presented three well defined domains, very similar to the PCL pattern, however, a slight enlargement can be seen in the "rigid-amorphous" domain, suggesting a NVP dispersion in this domain.
In our previous study, PCL hybrids containing layered silicates, silica and dioxide titanium, with NVP, were characterized by proton nuclear magnetic resonance relaxometry, in the Larmor frequency range, between 10 kHz and 300 MHz, to obtain information about the molecular motions in different time scales. The magnetization decay behavior for PCL was described by a triexponential behavior, characterized by three spin-lattice relaxation times, in the frequency range from around 300 kHz to 300 MHz.
This behavior was associated with a decoupling of spin lattice relaxation between three proton subsystems: rigid-crystallite, rigid-amorphous and flexible-amorphous region
Since the proton spin-lattice relaxation times depends on the dipolar interactions between intra-or inter-molecular hydrogen proton spins modulated by molecular motions, it provides information about the molecular mobility of polymer chains. Consequently, this technique can be used to study the phase composition based on the heterogeneities of molecular mobility in polymer [22] .
Thus, the analysis performed in the NMR spectrometer at 23 MHz, in this work, confirmed the results of our previous study. Where, PCL and their hybrids showed three different relaxation times, which can be correlated with different motilities of PCL protons molecular chains.
FTIR Analyses
The chemical structure and interactions between the hybrid components were identified by FTIR. Figure 4 shows , and the C-O-C stretching vibrations peaks at 1042 cm −1 , 1166 cm −1 and 1220 cm −1 [24] .
All the systems showed absorption peaks at about 2862 cm −1 and 2945 cm −1 , which are attributed to the symmetric and asymmetric stretching vibrations of the CH 2 group of PCL [24] . Also, all the systems showed peaks at about 1722 cm . The strong peak at 1722 cm −1 can be attributed to the PCL carbonyl stretching.
The peak at about 1166 cm −1 can be attributed to the symmetric stretching of the
Moreover, all the system presented small peaks at 1647 cm NVP, however, they not showed an apparent presence in the hybrids [38] .
The spectra of the PCL/SiO 2 /NVP 10% w/w and PCL/NVP 10% w/w systems are very similar, as both presented strong stretching peak in the 1600 cm −1 region, it is characteristic of C-O stretching vibration of NVP cyclic amide [24] [38]. The spectra of the PCL/TiO 2 /NVP 10% w/w and PCL/ViscogelS7/NVP 10% systems did not show this more intense peak. Besides, the PCL/SiO 2 /NVP system showed more intense peaks at 1581 cm −1 than the other systems. Hence, this system can be characterized as having a strong interaction among PCL, SiO 2 nanoparticles and NVP. 
Entrapment Efficiency
The drug content was estimated to confirm that there is no degradation of the drug and expected amount of drug present in the system. The amount of NVP incorporated in each hybrid system is shown in Table 3 . The concentrations were calculated from the equation obtained through linear regression analysis. The analyses were performed in triplicate.
According to Table 3 , there was a little variation in the drug amount incorporated in different hybrids, but all systems presented close amounts. In relation to the procedure to prepare the films, there were not any components removed other than the solvent, consequently all samples presented the same drug loading.
In-Vitro Dissolution Studies
An initial in-vitro dissolution studies was performed until 180 minutes, where all samples were segmented into 2 × 2 cm 2 pieces and analyzed in triplicate. Figure 5 shows the average of dissolved drug (%) in the dissolution media for time zero, 15 minutes, 30
minutes, 45 minutes, 1 hour, 2 hours and 3 hours.
The release profile of PCL/NVP 10% w/w, PCL/Viscogel S7/NVP 10% w/w, PCL/ SiO 2 /NVP 10% w/w and PCL/TiO 2 /NVP 10% w/w showed that the dissolved drug amounts were 28% ± 0.4%, 24% ± 0.24%, 8.3% ± 0.3% and 24.5% ± 0.45% ( Figure 5 ).
The statistical analysis showed that there were no significant differences in the release profiles (P ˂ 0.05).
In this study, NMR relaxometry measurements were performed to study the mobility of PCL macromolecules and of the drug, helping to make inferences about their confinement level inside the hybrids. It was conclude that the strength of the interaction between PCL, nanoparticles and NVP depends on the nanoparticle type (Viscogel S7, SiO 2 or TiO 2 ), which can have a direct influence on the NVP release.
In PCL/NVP hybrid, the NMR study indicated that the NVP molecules were better Figure 5 . Average of dissolved drug (%) in the dissolution media after 180 min.
distributed in the flexible-amorphous part of the PCL [21] . Probably, the amount of drug released, 28% ± 0.4% of NVP, can be attributed to the drug molecules presents in the flexible-amorphous part of PCL. Consequently, the remaining amount of the NVP that was trapped in the rigid crystallites and "rigid-amorphous" region, hindered the drug release (Figure 3 ).
In the PCL/ViscogelS7/NVP system, the NVP molecules can modify the polymer arrangement around the S7 clay [21] . Therefore, the clay effect in modifying the drug's release was hardly noticed and probably the amount of drug released, around 24% ± 0.24% of NVP, can also be attributed to the drug molecules presents in the flexible-amorphous part, as the PCL/NVP hybrid system. In the PCL/TiO 2 /NVP, the concomitant introduction of the nanoparticles and NVP did not present a major change in the polymeric system [21] . Then, the addition of TiO 2 did not show a significant effect on the NVP releasing and also the amount of drug released, around 24.5% ± 0.45% of NVP, can be attributed to the drug molecules presents in the flexible-amorphous part, as the other hybrids systems.
The introduction of SiO 2 nanoparticles affected the molecular motions of the PCL chains; however, the NVP insertion did not show a major change in the molecular dynamics of PCL/SiO 2 hybrid [21] . Besides that, the FTIR and XRD results showed that there was a strong interaction between NVP and PCL/SiO 2 hybrid system, verified by the appearance of bands in the FTIR spectrum and by the increase of PCL crystallinity in XRD. Probably, these interactions of NVP and PCL/SiO 2 hybrid may have favored the drug distribution in the crystalline, "rigid-amorphous", and even in the flexibleamorphous region, decreased the amount of drug released, around 8.3% ± 0.3% of NVP. The NVP released can be attributed to the drug molecules presents in the flexible-amorphous part.
Drug Release Kinetics
Several methods have been used to indicate drug-release kinetics. These methods can be classified into several categories: statistical methods, methods independent of mathematical models, and methods dependent on mathematical models. The application of those models was performed to indicate possible release kinetics of the drug from the polymer matrix. The results obtained in the dissolution test can be interpreted using general equations which mathematically describe the dissolution curve on the basis of some parameters related to the dosage form. One criterion used to select the best model is the correlation coefficient (r) [29] [39].
The mathematical models used in this study were the zero-order, first-order, Higuchi The reason for this is that the drug is released initially from the surface region, which is the shortest diffusion path, but as the dissolution progresses, the area of the drug exposed to the dissolution medium decreases [6] [40] . When the drug content in the surface runs out, probably, the next layer of the film begins to release the drug, which leads to an increase in the length of the diffusion path. Furthermore, the Higuchi model, be- Figure 6 . The cumulative amount (%) of drug released in the dissolution media according the Higuchi model.
All the hybrid systems developed provided a sustained release of NVP and the drug release is dependent on the diffusion of NVP molecules through the PCL matrix [6] .
The PCL promotes the release of liphophilic drug, as NVP, by diffusion mechanisms' from its amorphous region, as liphophilic drug are usually uniformly distributed in the PCL matrix. In the case of diffusion, the drug release rate can be affected by the formation of pores, swelling of the polymer or by molecular interactions between the drug and polymer [43] . In the hybrids systems, such as PCL/NVP, PCL/S7/NVP and PCL/ TiO 2 /NVP, the largest contribution to the release of NVP were the molecular interactions between the drug and PCL chains, since the amount of drug released was similar in these hybrids. It is possible to infer that in the PCL/SiO 2 /NVP system, the SiO 2 particles increased the molecular interactions between NVP and PCL chains, since this system released a lower amount of NVP, favoring its presence in the system. This fact may be related to the small diameter of silica nanoparticles, around 12 nm, which have a high ratio surface/volume, increasing the interactions between NVP and PCL, and hindering the NVP release.
Conclusions
In this work, it was possible to produce PCL hybrids systems with NVP and different types of nanoparticles, S7 clay, SiO 2 and TiO 2 , by solvent cast technique. Although, this technique is not commercially attractive and has exhibited severe limits to nanofiller levels, it's still possible to develop a homogenous system, with nanoparticles effectively dispersed and it is an easy way to produce polymer films. The drug introductions in polymeric films are preferred due to their slow degradation and large surface area.
Furthermore, several studies have demonstrated their efficacy for long-term drug release and therapeutic effects [28] .
The XRD analysis showed that the PCL crystallization was affected with introduction of nanoparticles and NVP, modifying the semi-crystalline structure of PCL and reducing the crystallinity. The low field NMR showed that when nanoparticles and NVP were added, the T 1 H values increased, for PCL, PCL/S7, PCL/SiO 2 and PCL/TiO 2 hybrids, suggesting that its addition produced a new material, with less molecular mobility, except for PCL/S7/NVP, which showed a decreased in T 1 H value, indicating the drug introduction caused a compensatory effect in the presence of clay. In addition, NMR showed the presence of three well defined domains, indicating three distinct environments: i) rigid crystallites, ii) a "rigid amorphous" region and iii) a flexible-amorphous region. The hybrids developed with clay and silica nanoparticles presented two domains, indicating two distinct environments, with different molecular motions. The introduction of TiO 2 nanoparticles did not alter the molecular dynamics of PCL. The NVP insertion in the PCL/S7 hybrid system presented one domain, indicating an environment with a single molecular motion. In the PCL/SiO 2 hybrid, the introduction of NVP did not alter the two domains developed, which suggested two protons environments and the PCL/TiO 2 /NVP hybrid also presented three well defined domains, very similar to the PCL pattern, indicating that the drug had less influence on the dynamics of these hybrids.
The FTIR analysis showed a strong interaction among PCL, SiO 2 nanoparticles and NVP. The NVP entrapment efficiency was similar for all the systems. The in-vitro dissolution test showed no statistical differences among the amount of NVP released from hybrids. Probably, the amount of NVP released could be attributed to the drug molecules present in the flexible-amorphous part of PCL. Higuchi's model was the mathematical model chosen to treat the release data, since this model presented the highest r value. All the systems showed decreasing NVP release with time, and the drug release probably occurred by diffusion through the matrix pores. So, the materials studied here can be used for sustained release of NVP.
It is desirable to have a controlled or sustained release system of NVP that could improve patient compliance, reduce the side effects and increase the therapeutic efficacy.
